What's new? {#FPar1}
===========

To determine whether transcatheter aortic valve implantation (TAVI) improves early (30-day) and midterm (1-year) mortality compared with surgical aortic valve replacement (SAVR), we performed an updated meta-analysis of all the currently available randomised controlled trials (RCTs).We identified seven eligible high-quality RCTs including a total of 7631 as-treated patients.None of the included RCTs showed significantly lower all-cause mortality after TAVI than after SAVR.Pooled analyses demonstrated significantly lower 30-day \[risk difference (RD) −0.60%; *p* = 0.046\] and 1‑year all-cause mortality (RD −1.12%; *p* = 0.03) after TAVI than after SAVR.

Introduction {#Sec1}
============

Because it is a less invasive procedure, transcatheter aortic valve implantation (TAVI) was introduced as a substitute for surgical aortic valve replacement (SAVR) in high surgical risk patients with severe aortic stenosis (AS) and was expected to achieve at least equivalent or if possible better postprocedural prognosis. As far as we know, however, neither randomised controlled trials (RCTs) of TAVI versus SAVR nor meta-analyses \[[@CR1]--[@CR4]\] of RCTs have reported significantly lower mortality after TAVI than after SAVR to date. Recently (in 2019), two novel RCTs, the Evolut Low Risk trial \[[@CR5]\] and the Placement of Aortic Transcatheter Valves (PARTNER) 3 trial \[[@CR6]\], provided outcomes after TAVI versus SAVR. In the present article, to determine whether TAVI improves early (30-day) and midterm (1-year) mortality compared with SAVR, we performed an updated meta-analysis of all the currently available RCTs including the two above-mentioned recently reported RCTs \[[@CR5], [@CR6]\].

Methods {#Sec2}
=======

To identify all RCTs providing both 30-day and 1‑year mortality after TAVI versus SAVR for AS patients, PubMed (<https://www.ncbi.nlm.nih.gov/pubmed/>) and ClinicalTrials.gov (<https://clinicaltrials.gov/ct2/home>) were searched up to and including July 2019. Search terms included 'transcatheter', 'aortic valve' 'implantation(s) or replacement(s)' and 'randomised'. Studies meeting the following criteria were included in a meta-analysis: the design was an RCT; the study population consisted of AS patients; patients were randomised to TAVI versus SAVR; outcomes included both 30-day and 1‑year all-cause mortality. A risk difference (RD) and its 95% confidence interval (CI) were generated using data of prespecified outcomes in both the TAVI and SAVR groups. Study-specific estimates were pooled using inverse variance-weighted averages of RDs in the random-effects model. In the present study, the primary end point was all-cause mortality, and the secondary end points included myocardial infarction, stroke, bleeding complications, acute kidney injury (AKI), vascular complications, and new permanent pacemaker implantation (PMI). When the number of studies reporting an end point was \<3, we did not perform pooled analysis for the end point. Funnel plot asymmetry (suggesting publication bias) was mathematically examined using the linear regression test. To assess whether mean surgical risk \[Society of Thoracic Surgeons Predicted Risk of Mortality (STS-PROM) score\] of patients and proportion of patients undergoing trans(ilio)femoral TAVI (TF-TAVI) modulate study-specific estimates (RDs of mortality between TAVI and SAVR), a random-effects restricted-maximum likelihood meta-regression analysis was conducted. All analyses were performed using Review Manager version 5.3 (available from <http://tech.cochrane.org/revman>) and Comprehensive Meta-Analysis version 3 (Biostat, Englewood, NJ, USA).

Results {#Sec3}
=======

The STACCATO trial (prospective, randomised trial of transapical transcatheter aortic valve implantation vs surgical aortic valve replacement in operable elderly patients with aortic stenosis) \[[@CR7]\] was not registered in ClinicalTrials.gov. Furthermore, the study was unexpectedly terminated after including only 70 patients and did not report 1‑year outcomes. Thus, we decided to exclude this truncated RCT \[[@CR7]\], and accordingly seven eligible high-quality RCTs (\[[@CR5], [@CR6], [@CR8]--[@CR12]\]; Tab. [1](#Tab1){ref-type="table"}) were included in the present meta-analysis. Three RCTs (Evolut Low Risk \[[@CR5]\], Nordic Aortic Valve Intervention (NOTION) \[[@CR8]\], and PARTNER 3 \[[@CR6]\]) consisted of patients at low surgical risk (STS-PROM \<4%), three RCTs (PARTNER 2 \[[@CR10]\], Surgical Replacement and Transcatheter Aortic Valve Implantation (SURTAVI) \[[@CR11]\], and U.S. CoreValve \[[@CR12]\]) were composed of those at intermediate surgical risk (STS-ROM 4--8%), and only one RCT (PARTNER 1 \[[@CR9]\]) was made up of those at high surgical risk (STS-ROM ≥8%). The primary analysis in each RCT was conducted in the as-treated population in five studies \[[@CR5], [@CR6], [@CR8], [@CR11], [@CR12]\] and in the intention-to-treat population in two studies \[[@CR9], [@CR10]\]. Hence, we determined to extract data in the as-treated population from all the seven RCTs including a total of 7631 patients. The principal analysis of the present study pooled data from the as-treated population, and the sensitivity analysis combined data from the intention-to-treat population. We performed another sensitivity analysis excluding the PARTNER 1 trial \[[@CR9]\] (including patients at high surgical risk) from the principal analysis (as-treated population) of the primary end point (all-cause mortality). Details of the primary and secondary end points are listed in Tab. [1](#Tab1){ref-type="table"} and Table S1 (Electronic Supplementary Material). Results of the principal and sensitivity analysis are summarised in Tab. [2](#Tab2){ref-type="table"}.Table 1Study design and primary end point (all-cause mortality)StudyClinicalTrials.gov numberPrimary end pointPrincipal analysis populationAs-treated populationIntention-to-treat populationTF-TAVI (%)All-cause mortalityNumberSTS-PROM (%)NumberSTS-PROM (%)Principal analysis (as-treated population)Sensitivity analysis (intention-to-treat population)TAVISAVRTAVISAVRTAVISAVRTAVISAVR30 days1 year30 days1 yearNumberPercentageNumberPercentageNumberPercentageNumberPercentageTAVISAVRTAVISAVRTAVISAVRTAVISAVRTAVISAVRTAVISAVRTAVISAVRTAVISAVREvolut Low Risk 2019 \[[@CR5]\]NCT02701283Composite of all-cause mortality or disabling stroke at 2 yearsAs-treated7256781.9 ± 0.71.9 ± 0.7 734 7341.9 ± 0.71.9 ± 0.7 99.0 4 90.61.3 1720 2.3 2.9 4 60.5 0.8 18 21 2.5 2.9NOTION 2015 \[[@CR8]\]NCT01057173Composite of all-cause mortality, stroke, or MI at 1 yearAs-treated142134Unavailable 145 1352.9 ± 1.63.1 ± 1.7 96.5 3 52.13.7  7 10 4.9 7.5 6 6 4.14.4UnavailableUnavailablePARTNER 1 2011 \[[@CR9]\]NCT00530894All-cause mortality at 1 yearIntention-to-treat344313Unavailable 348 35111.8 ± 3.311.7 ± 3.5 70.118255.28.0 81 7823.524.91222 3.46.3 84 8924.125.4PARTNER 2 2016 \[[@CR10]\]NCT01314313Composite of all-cause mortality or disabling stroke at 2 yearsIntention-to-treat994944Unavailable101110215.8 ± 2.15.8 ± 1.9 76.734383.44.011712111.812.83941 3.94.012312412.212.1PARTNER 3 2019 \[[@CR6]\]NCT02675114Composite of all-cause mortality, stroke, or rehospitalisation at 1 yearAs-treated4964541.9 ± 0.71.9 ± 0.6 503 497Unavailable100 2 50.41.1  5 11 1.0 2.4 2 5 0.41.0UnavailableUnavailableSURTAVI 2017 \[[@CR11]\]NCT01586910Composite of all-cause mortality or disabling stroke at 2 yearsAs-treated864^a^796^a^4.4 ± 1.54.5 ± 1.6 879 8674.4 ± 1.54.5 ± 1.6 93.619142.21.8 58 54 6.7 6.818112.0  1.3 62 59 7.1 6.8U.S. CoreValve 2014 \[[@CR12]\]NCT01240902All-cause mortality at 1 yearAs-treated3903577.3 ± 3.07.5 ± 3.2 3944017.3 ± 3.07.5 ± 3.4 82.813163.34.5 55 6714.118.8UnavailableUnavailableUnavailableUnavailable*MI* myocardial infarction, *NOTION* Nordic Aortic Valve Intervention, *PARTNER* Placement of Aortic Transcatheter Valves, *SAVR* surgical aortic valve replacement, *STS-PROM* Society of Thoracic Surgeons Predicted Risk of Mortality, *SURTAVI* Surgical Replacement and Transcatheter Aortic Valve Implantation, *TAVI* transcatheter aortic valve implantation, *TF* trans(ilio)femoralTable 2Summary of the principal and sensitivity analysis of primary and secondary end pointsEnd pointPrincipal analysisSensitivity analysisAs-treated populationIntention-to-treat populationAs-treated population (excluding PARTNER 1 2011 \[[@CR9]\])Study (*n*)RD (%)LLCI (%)ULCI (%)*p* valueFigureStudy (*n*)RD (%)LLCI (%)ULCI (%)*p* valueFigureStudy (*n*)RD (%)LLCI (%)ULCI (%)*p* valuePrimaryAll-cause mortality30 ays7−0.60−1.20−0.010.05 (0.046)^\*^16−0.23−0.850.400.48S16−0.55−1.150.050.071 year7−1.12−2.12−0.110.03^\*^14−0.24−1.511.040.72S16−1.11−2.13−0.090.03^\*^SecondaryMI30 days7−0.34−0.780.090.12S24−0.16−0.640.320.52S31 year4−0.04−0.810.740.93S24−0.130.740.490.69S3Stroke30 days7−0.56−1.540.410.26S44−0.43−2.141.280.62S51 year7−0.72−1.980.530.26S440.15−1.381.690.85S5BCMajor30 days3−10.50−13.18−7.82\<0.00001^\*^S61Not performed--1 year3−9.78−14.42−5.15\<0.0001^\*^S71Not performed--LT or disabling30 days3−18.35−32.52−4.180.01^\*^S61Not performed--1 year3−16.40−32.24−0.560.04^\*^S71Not performed--Major, LT, or disabling30 days3−19.88−28.45−11.32\<0.00001^\*^S60----1 year2Not performed--0----AKICreatinine \>3 mg/dl30 days1Not performed--1Not performed--1 year1Not performed--1Not performed--Stage 330 days2Not performed--1Not performed--1 year1Not performed--1Not performed--Stage 2 or 330 days3−2.09−3.61−0.560.007^\*^S80----1 year1Not performed--0----Any30 days1Not performed--0----1 year1Not performed--0----MVC30 days52.560.504.610.01^\*^S92Not performed--1 year42.480.194.770.03^\*^S92Not performed--NPPMI30 days68.893.0214.750.003^\*^S102Not performed--1 year69.252.7415.770.005^\*^S102Not performed--When the number of studies reporting an end point was \<3, we did not perform pooled analysis for the end point*AKI* acute kidney injury, *BC* bleeding complications, *LLCI* lower limit of confidence interval, *LT* life-threatening, *MI* myocardial infarction, *MVC* major vascular complications, *NPPMI* new permanent pacemaker implantation, *RD* risk difference, *ULCI* lower limit of confidence interval\*Statistically significant

None of the included RCTs showed significantly lower all-cause mortality after TAVI than after SAVR (Fig. [1](#Fig1){ref-type="fig"}). The principal analysis of the primary end point demonstrated significantly lower 30-day \[RD −0.60%; 95% CI −1.20% to −0.01%; *p* = 0.05 (0.046, calculated using Comprehensive Meta-Analysis version 3); *I*^2^ 0%\] and 1‑year all-cause mortality (RD −1.12%; 95% CI −2.12% to −0.11%; *p* = 0.03; *I*^2^ 0%) after TAVI than after SAVR (Fig. [1](#Fig1){ref-type="fig"}). No funnel plot asymmetry was detected for 30-day (*p* = 0.29; Fig. [2](#Fig2){ref-type="fig"}) and 1‑year mortality (*p* = 0.26; Fig. [3](#Fig3){ref-type="fig"}), which suggested no publication bias. Meta-regression analyses indicated that RDs of 30-day and 1‑year mortality (*p* = 0.73; Fig. [5](#Fig5){ref-type="fig"}) between TAVI and SAVR were not modulated by mean STS-PROM (*p* for 30-day/1-year mortality = 0.82/0.73; Figs. [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}) and proportion of patients undergoing TF-TAVI (*p* for 30-day/1-year mortality = 0.73/0.50).Fig. 1Forest plot of the principal analysis (as-treated population) of the primary end point: risk differences in 30-day and 1‑year all-cause mortality between transcatheter aortic valve implantation (*TAVI*) and surgical aortic valve replacement (*SAVR*). *CI* confidence interval, *IV* inverse variance, *NOTION* Nordic Aortic Valve Intervention, *PARTNER* Placement of Aortic Transcatheter Valves, *SURTAVI* Surgical Replacement and Transcatheter Aortic Valve ImplantationFig. 2Funnel plot of the principal analysis (as-treated population) of the primary end point: precision by risk differences in 30-day all-cause mortality between transcatheter aortic valve implantation and surgical aortic valve replacementFig. 3Funnel plot of the principal analysis (as-treated population) of the primary end point: precision by risk differences in 1‑year all-cause mortality between transcatheter aortic valve implantation and surgical aortic valve replacementFig. 4Meta-regression plot (meta-regression line with 95% confidence interval curves) of the principal analysis (as-treated population) of the primary end point: risk differences in 30-day all-cause mortality (between transcatheter aortic valve implantation and surgical aortic valve replacement) on Society of Thoracic Surgeons Predicted Risk of Mortality (*STS-PROM*) scoreFig. 5Meta-regression plot (meta-regression line with 95% confidence interval curves) of the principal analysis (as-treated population) of the primary end point: risk differences in 1‑year all-cause mortality (between transcatheter aortic valve implantation and surgical aortic valve replacement) on Society of Thoracic Surgeons Predicted Risk of Mortality (*STS-PROM*) score

Results of the sensitivity analysis of the primary end point (all-cause mortality) are illustrated in Supplementary Fig. S1, and those of the principal and sensitivity analysis of the secondary end points (myocardial infarction, stroke, bleeding complications, AKI, vascular complications, and new permanent PMI) are diagramed in Supplementary Figs. S2--S10. Bleeding complications at 30 days and 1 year (Supplementary Figs. S6 and S7) and stage 2 or 3 AKI at 30 days (Supplementary Fig. S8) were significantly less frequent after TAVI than after SAVR, whereas major vascular complications (Supplementary Fig. S9) and new permanent PMI (Supplementary Fig. S10) at 30 days and 1 year were significantly more frequent after TAVI than after SAVR. There were no statistically significant differences in myocardial infarction (Supplementary Figs. S2 and S3) and stroke (Supplementary Figs. S4 and S5) at 30 days and 1 year between TAVI and SAVR.

Discussion {#Sec4}
==========

The present study is the first meta-analysis (of RCTs) demonstrating that TAVI improves 30-day and 1‑year all-cause mortality compared with SAVR for AS patients. The absolute risk reduction was low, 0.60% for 30-day mortality and 1.12% for 1‑year mortality, but statistically significant. The present findings must be novel because none of the included RCTs showed significantly lower all-cause mortality after TAVI than after SAVR.

In the present principal analysis, data in the as-treated (not intention-to-treat) population were abstracted from each study and then combined because five of the seven RCTs principally analysed the as-treated population. To draw an unbiased estimate of the effect of the randomised treatment on the outcome, in general, the intention-to-treat analysis is recommended \[[@CR13]\]. If some participants do not receive the randomised treatment, however, the intention-to-treat analysis may provide a biased estimate of the effect of the received treatment on the outcome. The as-treated analysis compares patients according to the received treatment rather than the randomised treatment, i.e. those who received the experimental treatment (whether or not they had been randomised to the experimental treatment) versus those who received the control treatment (whether or not they had been randomised to the control treatment) \[[@CR13]\]. Thus, the as-treated analysis draws an unbiased estimate of the effect of the received treatment on the outcome. Clinicians or patients may be interested in whether the patient's prognosis improves if the patient receives the experimental treatment (not if the patient is randomised to the experimental treatment) \[[@CR13]\].

We extracted RDs of mortality from each study and then combined them in the present meta-analysis. Although simplicity for interpretation purposes is recognised to be a qualitative property, an RD would be agreed to be a simple measure and thus easily understood \[[@CR14]\]. An RD advantage of, for example, 10% in the mortality rates of the experimental group relative to the control group is exactly equal to an RD disadvantage of 10% of the control group relative to the experimental group, which provides a symmetrical measure unaffected by labelling of study groups. In contradistinction to a risk or odds ratio estimate, an unbiased RD estimate is able to be gained from sample data based on the difference of two independent binomial variables \[[@CR14]\].

Significantly lower 30-day and 1‑year all-cause mortality (Fig. [1](#Fig1){ref-type="fig"}) after TAVI than after SAVR (in the present principal analysis of the primary end point) could be explained by significantly less frequent bleeding complications at 30 days and 1 year (Supplementary Figs. S6 and S7) and stage 2 or 3 AKI (Supplementary Fig. S8) after TAVI than after SAVR (in the present principal analysis of the secondary end points). In the meta-analysis by Wang et al. \[[@CR15]\] of 10 studies with a total of 3602 patients undergoing TAVI, bleeding complications were associated with a 323% increase in 30-day all-cause mortality \[odds ratio (OR) 4.23; 95% CI 2.80--6.40; *p* \< 0.0001\], and major or life-threatening bleeding complications showed a 410% increase in 30-day all-cause mortality (OR 5.10; 95% CI 3.17--8.19; *p* \< 0.0001). Furthermore, Liao et al. \[[@CR16]\] demonstrated, in their meta-analysis of 35 studies with a total of 13,256 patients undergoing TAVI, that the aggravating severity of AKI was progressively associated with short-term all-cause mortality (univariate OR of 30-day mortality for stage 1, 3.41; for stage 2, 4.0; for stage 3, 11.02; univariate OR of 1‑year mortality for stage 1, 1.95; stage 2, 2.82; stage 3, 7.34). Even after controlling confounders, AKI was independently associated with a higher risk of both 30-day \[multivariate hazard ratio (HR) 2.12; 95% CI 1.59--2.83\] and ≥3-year all-cause mortality (multivariate HR 1.37; 95% CI 1.27--1.48) \[[@CR16]\]. Faster and better recovery of left ventricular function \[[@CR17]\] and less frequent pulmonary complications \[[@CR18]\] after TAVI than after SAVR may also explain the present results. In patients with left ventricular systolic dysfunction, ejection fraction was reported to improve significantly (*p* \< 0.05) better at 7 days after TAVI (32 ± 9% to 50 ± 17%) than after SAVR (30 ± 5% to 40 ± 9%) \[[@CR17]\]. The total number of in-hospital pulmonary complications per patient was reported to be significantly (*p* = 0.04) lower after TF-TAVI (1.0 ± 0.67) than after SAVR (1.8 ± 0.79) \[[@CR18]\]. However, significantly more frequent major vascular complications (Supplementary Fig. S9) and new permanent PMI (Supplementary Fig. S10) after TAVI than after SAVR (in the present principal analysis of the secondary end points) might potentially increase all-cause mortality. Vascular complications are strongly (approximately 3‑fold) associated with increased 30-day severe bleeding \[[@CR19]\], which may affect 30-day survival after TAVI \[[@CR15]\]. Several meta-analyses \[[@CR20]--[@CR22]\], however, indicated that a new permanent PMI was not associated with increased all-cause mortality during follow-up (up to 2 years) after TAVI. Although only the PARTNER 3 trial \[[@CR6]\] with low-risk patients indicated a significantly lower incidence of stroke at 1 year (not at 30 days) after TAVI than after SAVR, the other RCTs demonstrated no significant difference in stroke at 30 days and 1 year between TAVI and SAVR, which brought about no significant difference in stroke in the present meta-analysis pooling all the RCTs (Supplementary Fig. S4).

Previous meta-analyses \[[@CR4], [@CR23]--[@CR30]\] indicated no difference in 1‑year mortality between TAVI and SAVR. However, these meta-analyses \[[@CR4], [@CR23]--[@CR30]\] (including neither the Evolut Low Risk trial \[[@CR5]\] nor the PARTNER 3 trial \[[@CR6]\]) were quite different from the present meta-analysis (including both the Evolut Low Risk trial \[[@CR5]\] and the PARTNER 3 trial \[[@CR6]\]). Longer (≥2-year)-term outcomes after TAVI versus SAVR in RCTs have still been inadequate. The longest follow-up durations were 1 year in two RCTs (Evolut Low Risk \[[@CR5]\] and PARTNER 3 \[[@CR6]\]), 2 years in two RCTs (PARTNER 2 \[[@CR10]\] and SURTAVI \[[@CR11]\]), and 5 years in three RCTs (NOTION \[[@CR31]\], PARTNER 1 \[[@CR32]\], and CoreValve U.S. Pivotal High Risk \[[@CR33]\]). The present meta-analysis did not analyse ≥2-year mortality after TAVI versus SAVR. There were no statistically significant differences in all-cause mortality between TAVI and SAVR at 2 years (16.3% vs 17.9% \[[@CR10]\], 12.6% vs 14.0% \[[@CR11]\]) and 5 years (27.7% vs 27.7% \[[@CR31]\], 74.01% vs 67.72% \[[@CR32]\], 55.3% vs 55.4% \[[@CR33]\]) in the as-treated population, despite significantly lower 30-day and 1‑year mortality after TAVI than after SAVR being demonstrated in the present study. This 'catch-up' phenomenon at ≥2 years may be owing to more frequent moderate/severe paravalvular aortic regurgitation \[[@CR4], [@CR34]--[@CR37]\] and new-onset left bundle branch block \[[@CR38]\], which are associated with higher ≥1-year all-cause \[[@CR39], [@CR40]\] and cardiac \[[@CR41]\] mortality after TAVI than after SAVR. Although the 5‑year results of the Evolut Low Risk, PARTNER 2, PARTNER 3, and SURTAVI trials would be expected in the future, long-term mortality after TAVI might be similar to that after SAVR.

The present study had the following limitations. First, the RCTs included in the present meta-analysis were heterogeneous. Of the seven RCTs, three consisted of patients at low risk (STS-PROM \<4%), three were composed of those at intermediate risk (STS-ROM 4--8%), and only one was made up of those at high risk (STS-ROM ≥8%). The proportion of patients undergoing TF-TAVI also ranged from 70.1 to 100% (Tab. [1](#Tab1){ref-type="table"}). The meta-regression analyses, however, demonstrated that mean STS-PROM of patients and proportion of patients undergoing TF-TAVI did not modulate RDs of mortality between TAVI and SAVR. Furthermore, various TAVI valves were used in the RCTs and included CoreValve \[[@CR5], [@CR8], [@CR11], [@CR12]\], Evolut R \[[@CR5], [@CR11]\], Evolut PRO \[[@CR5]\], SAPIEN \[[@CR9]\], SAPIEN XT \[[@CR10]\], and SAPIEN 3 \[[@CR6]\], which may bias the present results. Second, although publication bias favouring TAVI may influence the present results, the funnel plot analysis did not indicate funnel plot asymmetry. Third, the cause of death was not addressed in the present meta-analysis because detailed patient-level data in all RCTs were unavailable. Individual patient data meta-analysis, the gold standard regarding data availability, would be required.

In conclusion, the best evidence from the present meta-analysis of all the currently available RCTs suggests that TAVI may reduce 30-day and 1‑year all-cause mortality compared with SAVR for AS patients. The present findings must be novel because none of the included RCTs showed significantly lower all-cause mortality after TAVI than after SAVR.
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